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ABSTRACT: Charge carrier mobilities in conjugated semicrystalline polymers
depend on morphological parameters such as crystallinity, crystal orientation, and
connectivity between ordered regions. Despite recent progress in the development of
conducting polymers, the complex interplay between the aforementioned parameters
and their impact on charge transport is not fully understood. By varying the casting
solvents and thermal annealing, we have systematically modulated the crystallization
of poly(3-hexylthiophene-2,5-diyl) (P3HT) and poly[2,5-bis(3-hexadecylthiophen-2-
yl)thieno(3,2-b)thiophene] (PBTTT) thin films to examine the role of micro-
structure on charge mobilities. In particular, we achieve equal crystallinities through
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different processing routes to examine the role of structural parameters beyond the

crystallinity on charge mobilities. As expected, a universal relationship does not exist between the crystallinity in either PZHT and
PBTTT active layers and the charge mobility in devices. In P3HT films, higher boiling point solvents yield longer conjugation
lengths, an indicator of stronger intracrystalline order, and therefore higher device mobilities. In contrast, the charge mobilities of
PBTTT devices depend on the interconnectivity between crystallites and intercrystalline order in the active layer.

Bl INTRODUCTION

Recent progress on the development of conjugated polymer
semiconductors is driven by an emerging interest in flexible
electronic devices for a myriad of applications ranging from
complex displays to simple RFID tags."”” Soluble polymers such
as poly(3-hexylthiophene) (P3HT) and poly[2,5-bis(3-
hexadecylthiophen-2-yl)thieno(3,2-b)thiophene] (PBTTT) ex-
hibit an exclusive combination of optoelectronic properties,
modest charge mobility, mechanical flexibility, and the potential
for convenient, low cost, solution-based fabrication techniques
(e.g, inkjet printing, roll-to-roll printing, etc.).”'" A variety of
organic electronic devices are possible, such as light-emitting
diodes, field-effect transistors, and photovoltaic cells, provided
limitations in stability, performance, and reproducibility can be
addressed. Part of the challenge is found in the lack of
fundamental knowledge regarding the key factors that govern
charge transport. Consequently, a critical challenge facing the
implementation of polymeric semiconductors for digital
electronics lies in understanding the role of the microstructure
on the macroscopic electrical properties.

Charge transport within conjugated polymers occurs through
polymer chain backbones (intrachain transport) and between
different chains (interchain transport) due to electronic
coupling between rings, such as through z—z stacking.''~"*
The semicrystalline nature of many conjugated polymers
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creates a complex multiscale structure where not only the
unit cell and disorder within crystals but other morphological
parameters such as the crystallinity, orientation of the crystals,
and connectivity between crystallites also affect transport."*~*
Prior studies have observed that chain properties, including
molecular mass, can alter the performance of conjugated
Polymer thin film transistors by influencing structural
parameters of the active layer.”' ~>* For instance, low molecular
mass (My, < 4 kDa) P3HT films are highly crystalline but
exhibit low charge mobilities in thin-film transistors.”>>® High
molecular mass films (M, > 30 kDa) are less crystalline but
yield higher carrier mobilities when used as the active layer in
transistors. The inverse correlation between crystallinity and
charge mobility implies that the crystallinity is not always the
dominating morphological factor, despite the intuitive advant-
age of strong local order. Instead, the dependence of device
mobilities on the molecular mass of the active layer suggests
that interconnectivity can be a limiting factor for macroscopic
charge transport because higher molecular mass polymers are
expected to have more tie chains connecting crystallites.
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Prior work has demonstrated that the crystallization kinetics
of P3HT and PBTTT can affect the microstructure formation
and crystallite interconnectivity, as rapid crystallization in
polythiophenes leads to a higher density of tie chains bridging
amorphous regions and connecting crystal domains.”’ Inter-
connectivity between crystallites in polymers is often
characterized by measuring the elastic modulus (E), which
above the glass transition temperature is linearly proportional
to the number of tie chains per unit volume (v) times kT plus
the g;lt%{lglement modulus (E,), if tie chains are Gaussian, such
that™

E = vkT + E, (1)
Smith, Heeger, and co-workers have measured the modulus of
doped polyacetylene films and determined that the electrical
conductivity increases with modulus and tensile strength.”*****
In order to characterize the elastic modulus for thin-film
geometries, a methodology has been developed that is based on
measurements of internal stress obtained from observations of
buckling due to mechanical compression.”*>° Using this
buckling technique, a correlation between the elastic modulus
of various conjugated polymer films and the hole mobility of
the polymer in devices was found.”” Nevertheless, differences in
the modulus (and effective tie chain density) will be strongly
affected by the crystallinity of different polymers, thus
confounding the relationship between moduli of active layers
and charge mobilities in devices.”*™*

Molecular orientation and alignment of the polymer
backbones have also been reported to enhance charge transport
through semicrystalline polymer thin films.”'**'~* In one
example, the mobility of poly(9,9’-dioctylfluorene-co-bithio-
phene) in devices increases by aligning the chains parallel to the
transport direction in a nematic state.”> Directional crystal-
lization can also affect the charge mobilities in P3HT and
PBTTT for devices fabricated parallel versus perpendicular to
the crystallization growth direction of the active layer. The
observed anisotropy in the extracted mobilities was attributed
to stronger electrical percolation along the fibrils compared
with percolation perpendicular to the fibrils due to larger
barriers for charge transport at fibril-to-fibril grain boundaries."®

In the present work, we characterize structural parameters
beyond the degree of crystallinity that can modulate charge
transport in P3HT and PBTTT active layers, and we explore
the correlations of each with observed organic thin-film
transistor (OTFT) carrier mobilities. The degree of crystallinity
in each sample was systematically controlled by changing the
thermal annealing time and casting solvents during processing,
and we compare P3HT and PBTTT films that exhibit the same
relative crystallinity with different processing histories. An
aggregation model was employed to ascertain conjugation
lengths from UV—vis absorbance spectroscopy, and a buckling
model allowed film modulus data and relative tie chain densities
to be determined. Polarized soft X-ray scattering (RSOXS)
methods were also applied to relate mechanical properties and
orientational order to charge mobility.

B MATERIALS AND METHODS

Solutions of poly(3-hexylthiophene) (P3HT) (96% H—T regioregular,
M, = 25 kg/mol, dispersity = 2.0, Merck™) and poly[2,5-bis(3-
hexadecylthiophen-2-yl)thieno(3,2-b)thiophene] (PBTTT) (M, = 26
kg/mol, dispersity = 1.9, Merck) were prepared with anhydrous
chlorobenzene (CB) and 1,2,4-trichlorobenzene (TCB) (Sigma-
Aldrich) in a nitrogen-purged glovebox. Solutions were stirred for a
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minimum of 12 h and heated to 90 °C for 1 and 5 min, respectively,
prior to deposition to ensure complete dissolution. Films were spin-
cast from 10 mg/mL hot solution (90 °C) at 1000 rpm for 1 min for
solutions made with chlorobenzene. In the case of TCB, the solution
was allowed to cool to room temperature, and films were spun at 1000
rpm for 3 min to obtain more uniform films.

Bottom-gate, bottom-contact field-effect transistors were fabricated
using boron-doped p-type silicon wafers for the gate electrodes with a
300 nm thick thermally grown SiO, layer as the gate dielectric (C =
10.6 nF/cm?, Process Specialties). Surface treatments were not applied
to the dielectric surface to prevent film dewetting for some of the
processing conditions employed in the study despite the lower overall
charge mobilities generally observed for untreated devices.””*® Wafers
were cleaned with acetone in an ultrasonic bath for 20 min followed by
an additional 20 min of sonication in isopropanol. Gold source and
drain electrodes approximately 100 nm thick were deposited using
conventional double-layer photolithography to achieve channel widths
of 220 ym and lengths of 20 ym. In order to study the effect of
annealing time, fabricated devices were annealed on a calibrated digital
hot plate at 150 °C for various lengths of time. All dissolution, spin-
casting, thermal annealing, and electrical testing was performed in a
nitrogen-purged glovebox without exposing the devices to air.

UV—vis spectroscopic measurements were completed with a
Beckman DU Series 500 spectrophotometer for films spin coated
onto glass substrates (Eagle XG, Corning Incorporated, Glass
Dynamics). All spectra are normalized to the highest polymer
absorption peak. Atomic force microscopy (AFM) experiments were
performed using a Bruker Dimension Icon instrument. AFM
topography and phase images were recorded simultaneously in tapping
mode with the driving frequency set equal to the resonant frequency of
the probe in the immediate vicinity of the sample surface.

For buckling measurements, as-deposited PBTTT thin films were
peeled off silicon substrates and supported by a 2 mm thick
polydimethylsiloxane (PDMS) layer. The PDMS film was cast with
a cross-linker concentration of 10:1 and cured at a temperature of 50
°C for over 12 h. The elastic modulus of PDMS was measured with a
texture analyzer (Texture Technologies TX.XT2i) employing a tensile
test procedure. The reported buckling wavelength was based on a
count of the number of buckles observed in a row of specified length.
The row length was then divided by the number of buckling events,
and the average value was reported as the characteristic wavelength.

X-ray diffraction (XRD) experiments were undertaken to measure
the relative crystallinity of thin polymer films. Silicon (100) wafer
substrates (Silicon Sense) were cleaned thoroughly by sonicating in
acetone and isopropanol for 20 min each and scouring the surface with
UV-0; for 10 min. Diffraction measurements were performed at the
Pennsylvania State University Material Characterization Laboratory
using a Rigaku DMAX-Rapid microdiffractometer with a 2-dimen-
sional curved image plate detector and copper Ka X-rays (4 = 1.54 A).
Rocking curves were obtained by tilting the sample (+0.2°) around
the (100) peak for P3HT and the (200) peak for PBTTT during data
acquisition. Intensities were obtained as a function of azimuthal angle
by integrating over a g = +0.019 A scattering vector window (g = 47
sin(6/2)/4). A linear background was subtracted from the rocking
curve data using intensities away from the Bragg peak of interest.
Crystallinities were measured by azimuthally integrating the (100) or
(200) reflection obtained from the rocking scan. The values were
corrected for differences in thickness between films cast from different
solvents and normalized to the highest relative crystallinity observed.

Thin films of P3HT and PBTTT for polarized resonant soft X-ray
scattering (RSOXS) experiments were spin-cast from 10 mg/mL
solutions of chlorobenzene and 1,2,4-trichlorobenzene onto roughly
65 nm thick layers of poly(3,4-ethylenedioxythiophene):poly(styrene-
sulfonate) (PEDOT:PSS) (Clevios P, H.C. Starck) deposited on
silicon wafers. Silicon wafers were precleaned by sonicating for 20 min
in acetone and isopropanol, followed by 10 min of ultraviolet light
ozonation. As-cast films were subsequently floated in ultrapure
deionized water (182 MQ/cm) and caught with S mm X S mm
silicon frames supporting a 1 mm X 1 mm X 100 nm Si;N, window.
Samples were dried for 24 h under vacuum at room temperature and
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Figure 1. Effect of annealing time on relative crystallinity and mobility for (a, ¢) P3HT and (b, d) PBTTT thin films spun-cast from chlorobenzene

and 1,2,4-trichlorobenzene. Samples were annealed at 150 °C.
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Figure 2. Comparison of the mobility and crystallinity for (a) P3HT and (b) PBTTT thin films. Solid lines are linear fits to the data, and dashed
lines highlight samples with the same degree of crystallinity. Temperature-dependent mobility of (c) P3HT and (d) PBTTT films with the same
relative degree of crystallinity, 0.83 and 0.58, respectively. Samples were annealed at 150 °C for various annealing times. Lines in (c) and (d) indicate

exponential fits to the data.

annealed on a calibrated digital hot plate in a nitrogen-purged
glovebox. RSOXS measurements were conducted in the transmission
geometry in vacuum at Beamline 11.0.1 of the Advanced Light Source
at Lawrence Berkeley National Laboratory. Detector images were
azimuthally or radially integrated as a function of the scattering vector,
and dark image background noise and scattering from the silicon
nitride window were subtracted from the data. Anisotropic scattering
patterns were obtained with linear horizontally and vertically polarized
photons at an energy of 285.4 eV.
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B RESULTS AND DISCUSSION

The field-effect mobility of P3HT and PBTTT active layers was
probed by fabricating bottom-contact, bottom-gate thin-film
transistors from chlorobenzene and 1,2,4-trichlorobenzene
solutions. To avoid dewetting issues over the large range of
processing parameters used in this study, no surface treatments
(i, self-assembled monolayers) were applied during device
fabrication, leading to lower charge mobilities than previously
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27,46 L
reported.””" Nevertheless, similar trends were observed when

a trimethoxy(octadecyl)silane SAM layer was incorporated.
(see Figures S1 and S2 in the Supporting Information).
Samples were annealed at 150 °C for increasing lengths of time,
and extracted mobility values are shown in Figure 1. P3HT
films cast from 1,2,4-trichlorobenzene displayed much higher
performance than those cast from chlorobenzene, but the
reverse was true for PBTTT films. Hole mobilities increased
rapidly with annealing time up to 10 min for all samples and
slowly after 10 min. The effect of annealing on charge
mobilities is likely due to changes in microstructure, but the
specific aspect of the microstructure that dominates charge
transport must be identified.””**

One aspect that likely affects charge mobilities is the degree
of crystallinity. The relative crystallinity of each sample was
estimated from azimuthal integrations of X-ray diffraction
intensities at the P3HT (100) and PBTTT (200) reflections
obtained from rocking scans.””*” The values of the crystallinity
were normalized by film thickness to account for variations
imparted by the different boiling points of the two solvents.
Thus, we estimate the relative crystallinity of the entire film,
even though transport in organic thin-film transistors is
localized to a few nanometers next to the dielectric sur-
face.’’™> The crystallinity of the whole film is expected to
roughly track the crystallinity near the bottom surface because
the bottom surface nucleates crystals within the film and leads
to highly textured crystalline films.> As observed for charge
mobility, the relative crystallinity, shown as a function of
annealing time in Figure 1, increases rapidly prior to 10 min
and levels off. Nevertheless, the crystallinities of PBTTT films
from chlorobenzene or 1,2,4-trichlorobenzene converge at long
annealing times whereas the mobility values never converge. As
expected, the relative crystallinity alone cannot explain the
deviations between the two solvent systems. The crystal
orientation (crystalline texture) and coherence lengths from
the (100) and (010) reflections are shown in Figures S3—S6 for
the various P3HT and PBTTT films. None of these track with
the mobility.

Although the mobility tracks the relative crystallinity for
samples cast from a single solvent, the curves are unmistakably
offset for different solvents. Nevertheless, samples with equal
crystallinities were studied to identify how much of this
difference is due to the crystallinity. In Figure 2, the charge
carrier mobility is plotted against the normalized crystallinity.
The dashed lines in Figure 2a confirm that at the same degree
of crystallinity the charge mobilities of P3HT samples spin-cast
from 1,2,4-trichlorobenzene are higher. Likewise, dashed lines
in Figure 2b indicate PBTTT samples with the same
crystallinity, but hole mobilities are significantly higher when
active layers are cast from chlorobenzene instead of 1,2,4-
trichlorobenezene.

Characterization of the temperature-dependent mobility
enables further scrutiny of charge transport in films with
equal crystallinities but disparate mobilities. As shown in
Figures 2¢ and 2d, hole mobilities were measured as a function
of temperature for P3HT and PBTTT thin films possessing the
same degree of relative crystallinity (dashed lines in Figures 2a
and 2b). P3HT films were cast from chlorobenzene and 1,2,4-
trichlorobenzene and annealed at 150 °C for 720 and 4 min,
respectively, to achieve comparable crystallinities. Similarly,
PBTTT films were analyzed as-cast and after annealing at 150
°C for 1 min, where the two films exhibit similar crystallinities,
coherence lengths, and crystallite texture (Figures S3 and $4).
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The increase in charge mobilities with increasing temperature
can be attributed to thermally activated transport, which is
commonly observed in organic semiconductors.”** Although
mobility values from each solvent system are consistently
different for both polymers, the temperature dependence and,
consequently, the activation energies (E,) remain unchanged.
This suggests that the dominant phenomena that leads to
activated transport, namely charge hopping events, are
unaffected by the casting solvent. Instead, the number of
percolating pathways for transport must vary between samples
cast from different solvents.

The absorption spectrum provides significant insights into
the molecular order, geometry, and local environment of
conjugated molecules.” As such, much effort has been applied
toward interpreting the absorption and emission spectra of
polymer films in terms of microstructure and morphology.”®~%*
Lower energy features in the absorption spectrum of highly
ordered polymers like regioregular P3HT are usually attributed
to interchain coupling leading to delocalization of the excitation
across multiple chains, while higher energy features are ascribed
to excitons localized to single chains.”” Therefore, the presence
of interchain excitons is interpreted as an identifier that some
local ordering allows charge delocalization across n-stacked
chains within P3HT films.*

In a model developed by Spano, a quantitative analysis was
proposed for regioregular P3HT absorption spectra to extract
morphological parameters such as conjugation length. The
model is based on weakly coupled H-aggregates of P3HT
chains (parallel-aligned and cofacially packed) where the
splitting of the electronic levels from Coulombic interactions
is smaller than the vibrational energy. An excitonic band with
bandwidth W will form due to these interchain interactions,
which is related to the strength of the intermolecular coupling
in the 7—7 stacking direction.””**** According to the model,
the exciton bandwidth can be estimated from the ratio of the
0—0 to the 0—1 vibronic peaks, and prior work involving
quantum-chemical calculations has demonstrated that W
decreases with increasing conjugation length.°*®” W, and by
inference, the conjugation length of P3HT, can therefore be
estimated from the absorption spectra of thin films using
Spano’s model.

Figure 3 depicts the UV—vis absorption spectra for two
P3HT films with the same degree of relative crystallinity. The
model was applied to deconvolute the contributions from
aggregated and amorphous regions of the thin films. Five
Gaussian vibronic peaks were used to fit the aggregated portion
of the spectra and estimate W for each sample. For films spin-
cast from chlorobenzene and 1,2,4-trichlorobenzene, W was
found to be 94 and 55 meV, respectively, suggesting that
processing films from 1,2,4-trichlorobenzene generates longer
conjugation lengths. The higher mobilities observed in devices
prepared from 1,2,4-trichlorobenzene can therefore be
attributed to the longer intramolecular conjugation length
that developed despite equivalent crystallinities in the active
layer.

Similar analyses were also performed on absorption spectra
of P3HT films annealed for increasing lengths of time to further
probe the effect of conjugation length on charge mobility. The
results, provided in Figure 3c, demonstrate that thermal
annealing decreases the exciton bandwidth and increases the
conjugation length. More importantly, the data illustrate that all
thin films cast from 1,2,4-trichlorobenzene exhibit lower W
values than films spun from chlorobenzene, suggesting that in
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Figure 3. Experimental and simulated absorption spectra measured at
room temperature for P3HT films spun from (a) chlorobenzene,
annealed at 150 °C for 720 min, and (b) 1,2,4-trichlorobenzene,
annealed at 150 °C for 4 min. Both samples have the same degree of
crystallinity. (c) Mobility as a function of free exciton bandwidth for
P3HT films spin-cast from chlorobenzene and 1,2,4-trichlorobenzene.
Data points represent various annealing times.

addition to crystallinity other parameters such as conjugation
length can modulate the charge carrier mobility. Studies
focusing on organic solar cells also provide corroborative
evidence, reporting that casting from high boiling point
solvents often yields longer conjugation lengths and more
efficient photovoltaic performance.”™

The spectroscopic signatures of changes in the conjugation
length suggest changes in the backbone chain conformation
and orientation. Poor sensitivity and spatial resolution in
organic films often require the application of a suite of optical,
X-ray, and electron microscopy analysis methods to survey the
orientation of crystallites.””' ™’ Because of the excellent
sensitivity toward bond orientation provided by polarized
resonant soft X-ray scattering (RSOXS), this technique has
recently proved useful for probing noncrystalline orientational
organization in thin films with high resolution.”* At the
resonant energy for anisotropic orbitals (C 1s — #*c_, 285.4
eV), the orientation contrast is higher than mass—thickness
contrast, so RSOXS can reveal noncrystalline orientational
ordering in organic thin films and molecular orientational
information from scattering anisotropy. In this study, RSOXS
for two perpendicular photon electric fields at the resonant
energy was utilized to unravel the molecular orientation
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differences between two samples with the same degree of
crystallinity for both P3HT and PBTTT.

Figure 4 shows the scattering patterns obtained using linear
horizontal and vertical polarization for P3HT thin films spun
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Figure 4. Anisotropic RSOXS patterns obtained using linear (a)
horizontally and (b) vertically polarized photons at an energy of 285.4
eV for a thin P3HT film spin-cast from 1,2,4-trichlorobenzene and
annealed at 150 °C for 4 min. The linear intensity scale bar is in
arbitrary units. Schematic of the fibril microstructure of P3HT cast
from (c) chlorobenzene (CB) and (d) 1,2,4-trichlorobenzene (TCB),
showing the longer fibrils in films cast from 1,2,4-trichlorobenzene that
lead to anisotropic soft X-ray scattering. Backbones are shown as lines
in (c) and (d), and amorphous chains are not shown.

cast from 1,2,4-trichlorobenzene and annealed at 150 °C for 4
min. The scattering between the two polarizations is
anisotropic with higher intensities along certain azimuthal
directions. It is also independent of sample rotation,
demonstrating no global preferential alignment within the
sample. This is remarkable because anisotropic scattering has
not been previously reported for thin films spun cast from a
neat homopolymer. Collins and co-workers have reported
anisotropic scattering for blends of P3HT and poly([N,N'-
bis(2-octyldodecyl)-11-naphthalene-1,4,5,8-bis(dicarboximide)-
2,6-diyl]-alt-5,5’-(2,2’-12-biothiopene)) P(NDI20D-T2), and
attributed the anisotropy to highly aligned P(NDI2OD-T2)
molecules at the interface between the two materials with «
orbitals pointed toward the boundary.** Analogously, we
surmise that the anisotropic scattering observed in neat
P3HT (Figure 4) is due to local correlations between chain
backbones within the thin film.

Average scattering profiles for P3HT thin films exhibiting
equal crystallinity spun from 1,2,4-trichlorobenzene and
chlorobenzene solutions and annealed at 150 °C for 4 and
720 min, respectively, are included in Figure 5 for the g range
between 0.012 and 0.0012 A™'. At large g, data for films cast
from 1,2,4-trichlorobenzene and chlorobenzene both scale with
g% suggesting scattering dominated by chain-like objects
(Debye scattering).”” Alternatively, scattering could be from 2D
objects, but because q~' exceeds or is near the film thickness,
q~* scaling is not expected.”®

Fitting the scattering data to the Debye function suggests
radii of gyration of 82 nm for films cast from chlorobenzene
and greater than about 150 nm for films cast from 1,2,4-
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Figure S. RSOXS profiles for thin P3HT films spun cast from (a)
1,24-trichlorobenzene and annealed at 150 °C for 4 min and (b)
chlorobenzene annealed at 150 °C for 720 min. (c, d) Corresponding
scattering profiles at 0° (horizontal CCD direction) and 90° (vertical
CCD direction) obtained with linear horizontally polarized photons at
an energy of 2854 eV. (e, f) Corresponding anisotropy ratio of
intensities from radial scattering profiles at 0 and 90°.

trichlorobenzene. These dimensions are much larger than the
radius of gyration of chains, which we expect to be about 8 nm
with a persistence length of 3 nm and molecular mass of 25 kg/
mol.””"”*® Instead, we attribute the scattering contrast within
P3HT to the fibril-like crystallites and the amorphous matrix.
Previous TEM and AFM images suggest that P3HT fibrils can
bend as worm-like objects.' ~*> Thus, fibrils are more extended
when films are cast from 1,2,4-trichlorobenzene than
chlorobenzene, implying that anisotropy within RSOXS data
should differ between films cast from 1,2,4-trichlorobenzene
and chlorobenzene.

Corresponding radial scattering profiles with 60° sector
widths obtained from 0° and 90° linear horizontally polarized
photons are also shown in Figure S. Large differences between
scattering data at 0° and 90°, especially at low g, are apparent
between the profiles for films cast from 1,2,4-trichlorobenzene,
whereas samples prepared from chlorobenzene demonstrate no
clear differences between profiles. The anisotropy ratio, which
is calculated from the difference in scattering intensity between
0° and 90°, confirms the clear anisotropy for the film from
1,2,4-trichlorobenzene but shows little anisotropy for the
chlorobenzene sample at low g. The anisotropy visible in
RSOXS P3HT data suggests that thin films cast from 1,2,4-
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trichlorobenzene and chlorobenzene develop different mor-
phologies and molecular orientation even though the samples
possess the same degree of crystallinity.

Although anisotropy in RSOXS data is not yet fully
understood, we hypothesize that anisotropic scattering is a
result of correlations between the orientation of chain
backbones in adjacent domains. Electronic transitions have
dipole moments along specific directions due to the fact that
molecular orbitals can be anisotropic, and as a result, the
transitions will be sensitive to the direction of the photon
electric field.**® In the C 1s — 7% _ transition at a resonant
energy of 285.4 eV, only those 7z orbitals aligned with the
photon electric field contribute to the scattering observed from
RSOXS. Nevertheless, even if molecular orbitals are aligned
within domains but these domains are randomly oriented, then
isotropic scattering should occur. One origin of anisotropy is
correlations in orientation between domains because that
would suppress scattering in the direction perpendicular to the
molecular orbitals when linearly polarized X-rays are used. Here
we take anisotropy as a result of contrast in molecular order
(backbone orientation) between crystalline and amorphous
regions in P3HT films. Thus, we surmise that P3HT thin films
with short crystalline fibrils show no anisotropy due to the
isotropic and random distribution of short P3HT fibrils in the
amorphous domains.

On the other hand, in films with long P3HT crystalline
fibrils, contrast between the fibrils aligned with the electric field
and amorphous regions will be pronounced only in certain
directions, resulting in anisotropic scattering patterns. In other
words, the anisotropic shape of long fibrils, the packing of these
fibrils at distances shorter than the length of the fibril, and the
perpendicular alignment of P3HT backbones (and 7 orbitals)
with respect to the fibril direction lead to RSOXS scattering
that is anisotropic in azimuthal angle (Figure 4c). Thus, casting
P3HT thin films from 1,2,4-trichlorobenzene could result in
longer crystalline fibrils that cause the anisotropy observed with
RSOXS. As shown in Figure S7, P3HT films cast from 1,2,4-
trichlorobenzene show stronger evidence of long, well-defined
fibrils in AFM images. The longer fibrils do not lead to a
significant increase in the 7-stacking coherence length because
the (010) peak width measured by X-ray diffraction is limited
by thermal fluctuations and cumulative disorder.”® Another
explanation is that order within the crystallites is stronger in
films cast from 1,2,4-trichlorobenzene, such that the chain
backbones are more aligned perpendicular to the long fibril axis.
This is consistent with the longer conjugation lengths that are
apparent from the absorption spectra because the more aligned
backbones are presumably within crystallites and they imply
fewer torsional kinks along the chains.

We hypothesize that intracrystallite order in P3HT is critical
for charge transport when the molecular mass of P3HT is high,
such that interconnectivity between crystallites is established
through tie chains. Longer conjugation lengths, stronger
orientational order, and better defined fibrils are all
morphological signatures that suggest improved charge trans-
port. For PBTTT, the absorption spectra are not significantly
different for the two sets of samples with the same crystallinity
identified in Figure 2b. Furthermore, RSOXS shows no
evidence of scattering anisotropy (see Figures S8 and S9).
We therefore examine signatures of interconnectivity between
crystallites for high molecular mass PBTTT.

As with P3HT, hypotheses that other parameters besides
crystallinity and orientational order, e.g. crystallite interconnec-
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tivity, can regulate the charge carrier mobility in PBTTT thin
films have been suggested.”>”*” Interconnectivity within
ordered regions of semicrystalline polymer films is related to
the number of tie chains connecting distinct crystallites.
Orientational correlations between crystallites are likely
indicative of interconnectivity by tie chains because preserving
orientational order probably requires connetions between
adjacent crystals and because chains may be more likely to
bridge crystallites if significant backbone deflections are not
required, especially if chains are stiff. Collins et al. demonstrated
that RSOXS can be used to measure the average length over
which the polymer backbones are aligned with each other. For
example, RSOXS could be sensitive to the spacing between
domains with the same texture because face-on crystallites will
have much lower absorption at the 1s — 7* edge and therefore
provide contrast when compared to edge-on crystals. The
average correlation length is taken as half of the spacing
measured by features or peaks in RSOXS profiles, and this
length scale in PBTTT active layers is directly correlated to
charge carrier mobilities in thin-film transistors."*

RSOXS scattering profiles for PBTTT thin films cast from
chlorobenzene and 1,24-trichlorobenzene are compared in
Figure 6. Features or shoulders in the scattering near q = 0.002

T T
e Chlorohenzene, 150 °C for 10 min,
— Trichlerobenzene, 130 °C for § min.

0001 .. 0.01
q, (A

Figure 6. RSOXS scattering profiles at 285.4 eV of PBTTT thin films
spun from chlorobenzene and 1,2,4-trichlorobenzene and annealed at
150 °C for 10 and 5 min, respectively. Both samples exhibit the same
degree of crystallinity.

A" and 0.004 A™" are apparent in the chlorobenzene and 1,2,4-
trichlorobenzene films, respectively, and are also apparent as
peaks when plotted as Ig* (see Figure S10 of the Supporting
Information). The orientational correlation length for samples
spun cast from chlorobenzene and annealed at 150 °C for 10
min is approximately 160 nm. In contrast, the orientational
correlation length for films cast from 1,2,4-trichlorobenzene
and annealed at 150 °C for S min is roughly 80 nm. The higher
charge carrier mobility extracted for PBTTT cast from
chlorobenzene is correlated to the higher orientational
correlation length achieved in the film, and perhaps to a higher
density of tie chains.

Previous studies have employed rheology experiments to
measure the elastic modulus of bulk samples and estimated the
number of tie chains.”**’ If tie chains have Guassian
conformations, the modulus is the sum of contribution from
entanglements and tie chains; otherwise, corrections exist to
account for tie chain stretching (eq 1).57* Thus, we measured
the elastic modulus of PBTTT films and compared them to
carrier mobilities of devices under the assumption that the
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modulus is proportional to tie chain densities. Estimates of the
modulus for film samples were ascertained using a technique in
which an internal stress measurement is made by analyzing
buckling phenomena during mechanical compression.””** The
elastic modulus is obtained from the buckling wavelength
measured by optical microscopy using eq 2, where 4 is the
wavelength of the buckling, & is the film thickness, and E is the
elastic modulus.”” The subscripts “f” and “s” denote film and

substrate.

3

E = 3ES(L)
2rh 2)
Figure 7 shows the moduli of PBTTT thin films as a function
of strain for samples spun from chlorobenzene and 1,2,4-

24x10°F o eBrTTCE 150°C Tor 10 min.
O PBTTT/TCB 150 °C for 5 min.
Mo20x10° |
B e Gyt
Z 0 0t 5.0 -0 o i -
~16x10° oo 2 g
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2 e —
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=
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Figure 7. Thin film moduli of PBTTT films spun-cast from
chlorobenzene and 1,2/4-trichlorobenzene and annealed at 150 °C
for 10 and 5 min, respectively. Both sets of samples have the same
degree of crystallinity. Solid lines represent the average modulus for
each case, and dashed lines represent standard deviations.

trichlorobenzene annealed at 150 °C for 10 and 5 min,
respectively. The annealing conditions were chosen to ensure
that both samples exhibited the same degree of crystallinity as
indicated by the dashed line in Figure 2. The average elastic
modulus of films cast from chlorobenzene is 1.82 + 0.08 GPa,
and 1.47 + 0.12 GPa is obtained for films spun from 1,2,4-
trichlorobenzene. Previous measurements of the modulus of
PBTTT thin films annealed at 180 °C for 5 min reported a
value of 1.80 + 0.34 GPa, which is in the same range as the
moduli reported in this study.”” PBTTT films with a higher
moduli is indicative of a higher number of tie chains that
provide more pathways for charge transport between crystallites
and thus exhibit higher charge carrier mobilities when used as
the active layer in devices. In contrast, the modulus of P3HT
films is not correlated with charge mobilities in devices, as
evident when comparing Figure 2 and Figure S11. Instead, the
modulus is slightly lower for the P3HT film that exhibits higher
charge mobilities when applied as the active layer in devices.
Unfortunately, we cannot compare the moduli between P3HT
and PBTTT to ascertain relative tie chain densities between the
two materials because the modulus of semicrystalline polymers
depends on both the entanglement modulus and tie chain
density.

The fused thiophene rings in PBTTT have low conforma-
tional freedom leading to a relatively rigid polymer back-
bone.**?*"” We estimate the persistence length of PBTTT to
be 4.1 nm using the freely rotating chain model, larger than that
of P3HT (2.8 nm).*" Accordingly, the sample possessing the
larger number of tie chains is in principle expected to exhibit
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higher orientational correlation lengths due to the stiffness of
the polymer backbone. The combined data shown from Figures
6 and 7 indicate that PBTTT thin films cast from
chlorobenzene develop a higher number of tie chains bridging
crystallites and higher orientational correlation lengths.

A possible explanation for the greater tie chain density
acquired from chlorobenzene compared to 1,2,4-trichloro-
benzene may lie in the difference between the boiling points of
each solvent. Casting from low boiling point solvents causes
rapid evaporation of the solvent allowing only a short time for
rearrangement of the polymer chains and promotion of
entanglements and tie chains.”*”” Higher charge mobilities of
PBTTT thin films cast from chlorobenzene can therefore be
attributed to higher orientational correlation lengths and tie
chain density. Alternatively, chlorobenzene could be more
effective at inducing liquid crystalline order in PBTTT than
1,2,4-trichlorobenzene, and liquid crystalline order in the active
layer can enhance charge mobilities of devices.** But, the higher
boiling point of 1,2,4-trichlorobenzene makes it more likely to
promote liquid crystallinity because the solvent likely stays
longer in the film during casting. Altogether, the results suggest
that, in addition to the degree of crystallinity, charge transport
in high molecular mass PBTTT depends on the interconnec-
tivity between crystalline regions and extended orientational
order.

B CONCLUSIONS

The factors governing charge transport within P3HT and
PBTTT have been systematically studied as a function of
relative crystallinity by varying thermal annealing conditions
and casting solvents. As expected, the results demonstrate that a
universal correlation between crystallinity and mobility does
not exist; other structural parameters must be considered. An
aggregation model was employed to estimate the conjugation
length and interchain interactions from absorption spectra of
P3HT films, and longer conjugation lengths imparting higher
charge mobility were obtained from higher boiling point
solvents. Moreover, anisotropic scattering profiles indicative of
longer or better ordered crystalline fibrils were observed from
RSOXS measurements for P3HT films spin-cast from 1,2,4-
trichlorobenzene that lead to higher charge mobilities in
devices.

Similar studies of PBTTT films coupled with thin film
modulus measurements suggest that the molecular orientation
and tie chain interconnectivity can be correlated with mobility.
The combined evidence demonstrates that the choice of
solvent can alter the conjugation length and molecular
orientation within crystallites in P3HT, which in turn affects
charge transport, and the choice of solvent can also affect the
orientational order and interconnectivity between crystalline
regions that modulate the charge mobility in PBTTT. The thin-
film moduli of P3HT films cast from 1,2,4-trichlorobenzene do
not track the charge mobilities extracted from devices,
suggesting that the intercrystalline connectivity is not
responsible for the difference in charge mobilities between
devices cast from either chlorobenzene or 1,2,4-trichloro-
benzene. Instead, we hypothesize that intracrystalline order, as
measured from conjugation lengths extracted from absorption
spectra and anisotropic soft X-ray scattering, modulates charge
mobilities in high molecular mass P3HT. In contrast, the
orientational correlation length from RSOXS and thin-film
moduli imply that PBTTT is limited by intercrystallite
connectivity. We hypothesize that this difference between the
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two polymers is a consequence of the stiffer PBTTT chains
(persistence length from the freely rotating chain model of 2.8
nm for P3HT and 4.1 nm for PBTTT™). Consequently,
quantitative measurements of the elastic modulus and
subsequent deductions from orientational order, mechanical
properties, and charge transport correlations in thin conjugated
polymer films can be implemented to guide the development of
new high performance semiconductors for flexible organic
electronics.
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